ABSTRACT: The research on electromagnetic (EM) shielding has been advanced for various applications. Recently, researchers have been interested in nano-sized particles to modify electromagnetic properties of a base material. In this research, glass fiber-epoxy-nanoparticle composites (GFR nanocomposites) are fabricated using four types of nanoparticles, and their properties in electromagnetic shielding are compared. Carbon black (CB), multiwalled carbon nanotube (MWCNT), silver nanoflake (SNF), and silver nanopowder (SNP) are used as the added particles. For the visual observation of the nanocomposites, scanning electron microscope (SEM) and transmission electron microscope (TEM) are used. The characteristics of EM shielding of the composites are measured using HP8719ES S-parameter Vector Network Analyzer System for the frequency range between 8 and 12 GHz. Composites using MWCNT and CB show outstanding shielding effect of 17 and 43 dB, respectively, but silver nanoparticles do not show significant EM shielding. In addition, change of EM shielding characteristics by the ion implantation process is observed. After ion implantation, the EM shielding of the composites containing silver is increased in the frequency range.
INTRODUCTION E
LECTROMAGNETIC (EM) SHIELDING is defined as the prevention of the propagation of electric and magnetic waves from one region to another by using conducting or magnetic materials. The shielding can be achieved by minimizing replied signal or the signal passing through the material using reflective properties and absorptive properties of the material. This 'stealth' technology has been especially advanced for military application such as RADAR protection, as well as for commercial products.
The shielding effect has been reported for such materials having special absorptive properties as ferrite or carbon black (CB) [1] [2] [3] [4] [5] . Another mechanism of EM shielding was obtained from structural characteristics, such as stacking sequence of composites [1, 6, 7] . Recently, researchers have studied the electromagnetic properties of nanosize particles [8] [9] [10] , and have developed ion implantation technique to modify electric characteristics of materials [11] .
In this research, glass fiber-epoxy-nanoparticles composites (GFR nanocomposites) were fabricated to observe EM shielding by nanoparticles mixed with glass/epoxy. Four types of nanoparticles were tested, and their properties in EM shielding were compared on X-band frequency (8) (9) (10) (11) (12) . The MWCNT and carbon black were expected to have high dielectric constants that shield EM waves. Silver nanoparticles (silver nanoflake (SNF) and silver nanopowder (SNP)) were selected to provide reflective properties because of the high electric conductivity of silver. To see the additional shielding effect of ion implantation, N þ ions were implanted on the GFR nanocomposites, and EM shielding of the ion implanted GFR nanocomposites was measured. Figure 1 shows a schematic structure of a typical multilayered material. A part of the incident EM wave is reflected at the surface while the rest of the wave penetrates to inner materials. The wave undergoes surface reflection and interference at each layer to be absorbed, and finally attenuated wave escapes from the back of the material (transmitted wave).
EFFICIENCY OF ELECTROMAGNETIC SHIELDING
Electromagnetic shielding is expressed by the shielding efficiency (SE), which uses the unit of decibel (dB). The shielding efficiency is defined as the ratio of the power of incident EM wave (P I ) to the power of transmitted EM wave (P T ). The power of EM wave can be related to the electric field, incident electric field (E I ), and transmitted electric field (E T ) as in Equation (1) [12] .
SE ðshielding efficiencyÞ ¼ 10 log
Applying the boundary conditions of transverse EM wave, the relation among the electric fields of incident, reflected, and transmitted EM wave of a multilayered material is generally described as Equation (2) .
From Figure 1 , E 0 I is the electric field of reflected electromagnetic wave. Matrices A and B can be written as:
and
where i ¼ ffiffiffiffiffiffi ffi À1 p , and k j is the wave vector of the EM wave in the jth layer of multilayered materials and d j is the thickness of the jth layer. k j is the function of permittivity (" j ), permeability ( j ), and conductivity ( j ) of the jth layer at a given frequency ( f ¼ !/2), such as k
The EM shielding obtained from Equations (1) and (2) is described as the sum of the contributions due to reflection (SE R ), absorption (SE A ), and multireflections (SE M ) in Equations (5)- (8) . where n is the index of refraction of the shielding material, and Im(k) is the imaginary part of the wave vector in the shielding material.
According to the analysis of S parameter of two-port network system, transmittance (T ), reflectance (R), and absorbance (A) can be described as:
From Equations (9)- (11), the effective absorbance (A eff ) can be described as:
with respect to the power of the effectively incident EM wave inside the shielding material. It can be expressed as Equations (13) and (14) .
From this analysis, the contribution of absorption and reflection to the total EM shielding is highly affected by the shielding materials.
EXPERIMENTAL Specimen Fabrication
Four types of nanoparticles (Table 1) were mixed with epoxy resin (YBD-500A80, Br series, Kukdo Chemical Co.) and the plain-weave glass fabric (KN 1800, 300 g/m 2 , KPI Co.). The mixture of nanoparticles and epoxy resin were agitated by a homogenizer to have 5 wt% of particles in the mixture. After 2 h of agitation, the mixture was poured and spread on a glass fabric. The impregnated three-phase composite was heated up to 120 C and held for 1 min to become a prepreg. The GFR nanocomposites were then fabricated by cutting into desired geometries, laying up, and curing these prepregs. Specimens to measure EM shielding were fabricated by curing process as shown in Figure 2 . The prepreg material was cured in a hot plate for 2 h at 120 C and 5.5 atm. To see the effect of stacking sequence, each specimen was made either in a cross-ply or in a quasi-isotropic laminate. To see the effect of thickness on the EM shielding, eight plies and 16 plies were laid for each type of specimens. Table 2 shows a list of the fabricated specimens.
For the visual observation of the nanocomposite materials and the nanoparticles, scanning electron microscope (SEM, JSM-5600) and transmission electron microscope (TEM, JEM-3000F) were used.
Ion Implantation
Ion implantation is a novel surface modification technology to enhance the mechanical, chemical, and electronic properties of the surface of a material [11, [13] [14] [15] . In ion implantation, ion particles are accelerated by an electric field into the surface of the substrate material to change the composition of the surface (Figure 3) . Especially, as it is known that ion implantation of nitrogen can enhance the electric properties of materials [11] .
In this research, to change the surface characteristics of GFR nanocomposites, nitrogen ion was implanted, using a high current gaseous ion implanter (A-BEAM Inc.). After EM shielding was measured for 20 types of fabricated GFR nanocomposites, N þ ion was implanted on the specimens, and EM shielding was measured again to see the effect of ion implantation. Table 3 shows conditions of ion implantation used in this study. 
Measurement of Electromagnetic Shielding
The measurement of EM shielding was performed using S parameter vector network analyzer system (HP8719ES). The frequency range of 8-12 GHz was scanned. From the measured data of reflected signal S 11 and transmitted signal S 21 , transmission coefficient and reflection coefficient were obtained. Using these coefficients, EM shielding by absorption and reflection were calculated. Figure 4 shows the test setup for EM shielding measurement.
RESULTS AND DISCUSSION

Morphology
The properties of nanoparticles were investigated by electron microscopes and EPMA. Figure 5 shows the TEM pictures of the nanoparticles used in this study. The nanoparticles showed an average diameter of 15-40 nm. The MWCNT showed an average diameter of 15 nm and an aspect ratio of over 1000. The CB powder had an average diameter of about 40 nm and thin shell shapes. The SNF and SNP showed linear directional characteristics. The difference in shapes of the SNF and SNP lies in different manufacturing processes. Both silver nanoparticles showed an average diameter of about 40 nm. The SNF had thin shell shapes while the SNP had deformed ellipsoidal shapes.
CHARACTERISTICS OF NANOPARTICLES -TEM
STRUCTURE OF GFR NANOCOMPOSITES -SEM
Using SEM, the structure of GFR nanocomposites was observed. Although the cured epoxy and glass fibers of the composite material were observed with magnitudes between 1000 and 2000, the mingled nanoparticles, however, were not observable. Figure 6 (a) shows a sanded surface of the composite along the fiber direction with 1000 magnification. Figure 6 (b) shows the cross-sectional view of the GFR nanocomposite with 2000 magnification. With a higher magnification of 10,000, only the MWCNT was visually observed separately from the epoxy base ( Figure 6(c) ). Lumped with epoxy, CB was not distinguishable. Similarly, SNF and SNP were not observed. Using an electron probe micro analyzer (EPMA), the existence and dispersion of carbon or silver in each composite were confirmed (Figure 7 ). In Figure 7 (a), the dark area showed the carbon element dispersed in the CB nanocomposite. Similarly, the dark area of Figure 7(b) showed the silver element in SNF nanocomposite. Although the silver nanoparticles were well dispersed, the amount of silver nanoparticles in the composite were relatively little.
Evaluation of Electromagnetic Shielding
The measured efficiency of EM shielding was evaluated by characteristics of the nanoparticles, thickness of specimens, and directions of fiber. Figure 8 shows experimental data (GFR-MWCNT, 16C) of EM shielding as a function of frequency ranging from 8 to 12 GHz. As a note, ion implantation to the specimens was not applied for the tests described in the following subsections.
EFFECT OF NANOPARTICLES Figure 9 shows the results of EM shielding of GFR nanocomposites with various parameters.
The raw GFR composites (G8C, G8Q, G16C, and G16Q) had low EM shielding effect, while the GFR nanocomposites with MWCNT and CB (CB and CNT series) had excellent shielding efficiency. Especially, GFR-MWCNT composites show efficiencies three times higher than those of CB series. The composites containing silver nanoparticles (SNF and SNP series) showed higher efficiency than raw GFR composites. 
EFFECT OF THICKNESS
The average thickness of specimens with eight-ply laminate was 1.3 mm, and that of specimens with 16-ply laminate was 2.5 mm. Except for SNF and SNP series, as the composite became thicker, shielding efficiency increased. The composites containing SNF and SNP showed no change in shielding efficiency as a function of thickness. 
EFFECT OF STACKING SEQUENCE
To investigate the effect of fiber orientation, prepegs were laid up with two conditions. One was cross-ply [0 8 ], and the other was quasi-isotropic [(0/45) 2 ] s .
In the case of raw GFR composites and GFR-CB composites, cross-ply layup showed superior shielding efficiency to quasi-isotropic layup. For thin (eight plies) GFR-MWCNT composites, the cross-ply layup showed higher shielding efficiency than quasi-isotropic layup. Thick (16 plies) GFR-MWCNT composites showed different distribution on frequency range. At a lower frequency range (under 10 GHz), the cross-ply layup shielded EM wave more efficiently. At a higher frequency range (over 10 GHz), to the contrary, the quasi-isotropic layup showed higher shielding efficiency.
The SNF and SNP series had no special effects on the shielding efficiency. G8C  G16C G16Q CB8C CB8Q CB16C  CNT8C  CNT16C CNT16Q SNF8C  SNF16C SNF16Q  SNP16C  SNP8Q  SNP8C  SNP16Q 12 GHz 8 GHz 
EFFECT OF ION IMPLANTATION
The nitrogen ions were implanted to all kinds of specimens, but there was no change of EM shielding efficiency except SNF and SNP series. The SNF and SNP composites showed EM shielding efficiency twice higher as frequency drops from 12 GHz (Figure 10) . Although the overall level of shielding efficiency was not remarkably high, certain changes were observed. Based on the literature survey, this was the first attempt to see the effect of ion implantation on the EM shielding by GFR nanocomposites.
This phenomenon of shifting EM efficiency by ion implantation leads us on to further study with various parameters, such as ion dose and other kinds of implanted ion element. 
CONCLUSIONS
Through a series of experiments, EM shielding of nanoparticle GFR and ion-implanted GFR composites was observed. Four types of nanoparticles added in GFR composites were investigated by measuring EM shielding of each composite material. Among these, the composites containing CB and MWCNT showed an outstanding shielding effect of 17-43 dB at the frequency of 10 GHz. Although two types of silver nanoparticles did not show significant shielding effect, additional ion implantations on the specimens enhanced the EM shielding of composites containing the silver nanoparticles at the frequency range between 8 and 12 GHz.
Further experiments should be conducted to investigate the effect of detailed control parameters for ion implantation on EM shielding.
